~" The authors present the results of an investigation of the vasogenic type of brain edema using cold injury in cats as a model. Their findings indicate that bulk flow and not diffusion should be considered the main mechanism for the spread of edema through the white matter. This conclusion is based on: 1) comparison of the distances actually traveled by various substances during edema spread with those calculated theoretically for migration of the substances by diffusion; 2) coincidence in the speed of movement by two substances (sucrose and albumin) with widely different diffusion coefficients; 3) measurement of interstitial fluid pressure (IFP) at various distances from the lesion showing the presence of increased IFP in the lesion area and decreasing pressures along the edema pathway toward the normal tissue; and 4) the fact that spreading of edema can be significantly impeded by inducing before the cold lesion an intracellular type of brain edema that reduces the size of the extracellular space (ECS) and increases the resistance to flow of edema fluid. The pressure-volume curve of the brain ECS, as derived from determinations of IFP and tissue water content, indicates that an initial steep slope in IFP probably represents the high resistance to fluid mobility through the small diameter extracellular channels and the counteracting resistance of the intermingled structures of brain parenchyma to be separated. Once the IFP exceeds these opposing forces, the ECS dilates, fluid mobility increases, and the edema front advances. KEY WORDS 9 brain edema 9 bulk flow of edema fluid 9 interstitial fluid pressure A CCORDING to the classification of brain edema, there are two basic types, vasogenic and cytotoxic. '~ The essential event in the vasogenic type is injury to the cerebral vessels resulting in their increased permeability, which allows escape of serum constituents into the surrounding extracellular space (ECS) under the hydrostatic pressure of the systemic circulation. In the cytotoxic type, on the other hand, the crucial event is related to disturbances in cellular metabolism or a toxic injury primarily affecting cellular membrane structures that eventually leads to an abnormal fluid uptake by various cellular components. 28
A
CCORDING to the classification of brain edema, there are two basic types, vasogenic and cytotoxic. '~ The essential event in the vasogenic type is injury to the cerebral vessels resulting in their increased permeability, which allows escape of serum constituents into the surrounding extracellular space (ECS) under the hydrostatic pressure of the systemic circulation. In the cytotoxic type, on the other hand, the crucial event is related to disturbances in cellular metabolism or a toxic injury primarily affecting cellular membrane structures that eventually leads to an abnormal fluid uptake by various cellular components. 28 The site and mode of leakage of edema fluid in vasogenic edema has been extensively studied in the cold-injury model. The extravasation of this fluid, which has a composition similar to plasma, 1,U is confined to the area of the cortical injury. ' 8,6 .14,18 Vessels outside of this area but within edema territory do not show an increased permeability. 1,2,~7 In contrast, the mechanism by which edema fluid is distributed in the white matter and moves to distant remote areas is poorly understood. '5 Also the mechanisms by which the pathologically accumulated fluid is removed from the tissue after the blood-brain barrier (BBB) has been repaired are still unknown.
Recent results have clearly shown that the ECS in the.brain is between 15% and 25%.9 ,~~ Substances as large as the protein molecule ferritin (molecular weight, 465,000), horseradish peroxidase (mol wt, 43,000) or inulin (mol wt, 5500) can enter this ECS from subarachnoid or ventricular cerebrospinal fluid (CSF) and move unrestricted within these small intercellular channels? ,2~ In vasogenic brain edema associated with brain injury, tumor, or inflammation, the ECS is significantly enlarged) ,9,19,21 These dilated spaces may provide a pathway for the movement of edema fuid. The two mechanisms by which the edema fluid and its constituents might spread through these spaces are diffusion and bulk flow) 6,27 These two possible processes may be identified by their distinctive properties. In the diffusion mechanism, the various solutes migrate at different rates according to their diffusion coefficients. Bulk flow involves the movement of the solutes with the fluid down a pressure gradient. To determine which mechanism was primarily responsible for the movement of the edema fluid we examined whether: 1) the rate of movement of the fluid was consistent with diffusion; 2) substances with highly different molecular weights and diffusion coefficients migrated with the same or different speed as the edema; 3) driving forces for bulk flow (that is, small hydrostatic pressure gradients) were present in brain tissue; and 4) changing the size of the extracellular space affected the movement of the edema fluid.
Materials and Methods
Adult cats, 2.5 to 4.7 kg in weight, were anesthetized with sodium pentobarbital (35 to 40 mg/kg intraperitoneally) and 0.2 mg atropine sulfate. Polyethylene catheters were inserted into the abdominal aorta and inferior vena cava via femoral vessels. Arterial blood pressure was continuously monitored with a pressure transducer.* All animals were *Statham P23Db pressure transducer manufactured by Statham Laboratories, Inc., Hato Rey, Puerto Rico 00919. tracheotomized, immobilized with Flaxedil (1.5 mg/kg initially and 0.5 to 1.0 mg/kg every 30 to 40 min), and mechanically ventilated with a Harvard respirator.t Blood gases and acid-base status of the arterial blood were periodically checked with an IL model 313 blood gas analyzers and kept within normal range. The animal's head was fixed in a stereotaxic holder.
A midline incision of the scalp was performed and both temporal muscles were reflected. Four 3-mm burr holes were drilled according to the stereotaxic coordinates for the insertion of the wick catheters (wicks). A needle was introduced into the cisterna magna and the cisternal fluid pressure (CSFP) was continuously recorded. A small craniotomy was performed over the right frontal pole and cold-injury edema was produced by applying a cold metal plate (4 • 10 mm, -50 ~ C) to the exposed dura for 55 to 60 seconds. The frontal craniotomy was then closed with a rapid-hardening epoxy cement. We injected Na-fluorescein (1 ml/kg, 10% solution) intravenously immediately before, and Evans blue (1 ml/kg, 2% solution) 3 hours after, the lesion was made.
For the recording of interstitial fluid pressure (IFP), the wicks were made from "long fiber" cotton woolw according to a technique described in a previous papery Smaller diameter polyethylene tubing (0.61 mm outside diameter) was used for the preparation of the wicks than in previous studies to prevent perifocal bleeding and edema at the tissue recording sites. The wick catheters were connected to Statham P23Db pressure transducers. Brush transducer couplers were used for amplifying the signal which was recorded by a Brush Chart Recorder. II The system was calibrated to be linear from -5 to +25 mm Hg, with the ability to discriminate pressure changes of 0. Thirty minutes before terminating the experiment, four thin-walled cannulas with stylets were placed stereotaxically into the white matter. The stylets were then removed, the four wicks inserted, and the cannula withdrawn leaving the wicks (TP14) within the tissue. TP1 was placed 6.6 -I-1.0 mm adjacent to the lesion; TP2, 6 mm remote from TP1; TPs, 10 mm more distant from TP2; and TP4 in the opposite uninjured hemisphere corresponding to the location of TP1 (Fig. 1) . The following coordinates were used according to the atlas of Reinoso-Suarez: 2s TP4 and TP~: anteroposterior +22, vertical 17.5, lateral +7.5 (+6.0 in the opposite hemisphere); TP2: anteroposterior +16, vertical 17.5, lateral +9 ( -1 . 0 mm correction for mass shifting due to edema); TPs: anteroposterior +6.0, vertical 17.5, lateral 10.5. To record the horizontal spreading of the edema fluid, the tips of the wicks were placed on the same horizontal plane as the center of the cold lesion. The open branches of all the transducer stopcocks were fixed at the level of the tips of the wicks, 17.5 mm above the zero point of the stereotaxic ordinate. This level was used as the zero reference point for the pressure measurements. Recordings of the tissue pressures were made during the final 10 to 15 minutes of an experiment. A stable pressure was obtained within 2 to 3 minutes in properly functioning wicks. If the wicks did not show pulsation with respiration, the experiment was discarded.
The animals were sacrificed 6 hours after the lesion was made by intravenous injection of concentrated KC1. The brains were removed and cut horizontally at the level of the wick tips. A 3-mm horizontal slice was taken from each side of the cutting surface. The upper slice was used for the measurement of the tissue water content by dissection of consecutive 3.0 + 0.1 mm blocks from the edematous and control hemispheres (Fig. 1  left) and the determination of their wet/dry weight ratios. Careful attention was given to the separation of gray from white matter. The lower slice (Fig. 1 right) was used for measuring the horizontal spread of the two BBB indicators and for photography. The linear distances of the spread of dye were measured directly on the upper surface of this slice. The areas covered by the indicators were calculated, using photographic slides that were then enlarged and evaluated planimetrically. For photography of the Evans blue, Kodachrome II Professional Film, Type A was used. For the fluorescence photography, Kodak High Speed Ektachrome film, Hanovia UV lamps, UV 16, Y70, and MI0 filters** were used? e
Experimental Protocols

Hexachlorophene Experiments
Four cats received hexachlorophene, injected subcutaneously 30 to 40 mg/kg/day, for 3 to 5 days before the cold lesion was made. The length of the hexachlorophene treatment depended on the appearance of neurological symptoms consisting of generalized weakness, hind limb paralysis, and a decreased level of consciousness. The hexachlorophene was administered as a solution consisting of 5 gm of hexachlorophene dissolved in 25 ml of a 9:1 mixture of propylene glycol and ethylene alcohol.
Sucrose vs Fluorescein-Labeled Albumin Migration
Four cats with a standard cold lesion were used in an experiment designed to show whether two substances with highly different molecular weights and diffusion coefficients, administered simultaneously with the lesion, would migrate with the same speed at the edema front. CX4-sucrose (mol wt 342; diffusion coefficient in white matter 1.5 • 10 -~ sq cm/sec) and fluorescein-labeled albumin (FLA) (mol wt of albumin approximately 60,000; diffusion coefficient 0.21 • 10 -e sq cm/sec) 22 were used for this purpose. The FLA was prepared by conjugating crystalline bovine albumintt with fluorescein isothiocyanate$$ according to a procedure previously described, s~ Each animal received 15 to 20 ml of FLA solution and 350 #Ci of C14-sucrose~ at the time of lesion production. The spreading of the two markers was determined by the double tracer technique using fluorescence photography and radio- autography in tissue sections 15 ~ in thickness cut on a freezing microtome, as described by Steinwall and Klatzo. s~ All animals in this group had a bilateral ligation of the renal vessels and ureters. The spreading of C ~'-sucrose and FLA were compared using the distances traveled and the areas covered by each marker, as measured from the photographs and autoradiographs.
Calculation of Theoretical Distances Traveled via Diffusion
The distance a substance travels by diffusion into the brain tissue can be calculated using the following equation: 24,s~ Cx -erfc ( x ) Co 2x/-OT where Cx is the concentration in the extracellular space at x distance, Co the concentration at the point of origin, D the effective diffusion coefficient for brain, T the time, and erfc the complementary error function, s~ For a substance to yield a reasonable estimate of the distance traveled by diffusion using this equation, it must remain extracellular, unbound, and not leak out of the extracellular space into the blood? ~ Diffusion coefficients for various substances have been determined for agar and brain tissue by Fenstermacher, et al. 1~ The diffusion coefficient (D) for sucrose, as experimentally determined for periventricular white matter in dogs, is 1.5 • 10 -6 sq cm/sec and 7.0• 10e sq cm/sec for agar gel at 37 ~ C. 22 The lower D for brain tissue has been shown to be due to the tortuosity of the ECS. 1~176 The D for albumin in agar at 37 ~ C is 1.0• 10 -8 sq cm/sec. 3~ By using the tortuosity factor calculated from the D brain/D agar for sucrose (x/ 7 • 10-6/1.5 • 10 4) a value of D = .21 X 10 -6 sq cm/sec is obtained for albumin in periventricular white matter. 22 Using the above equation we constructed diffusion profiles to estimate the maximum distances sucrose and albumin would be expected to travel by simple diffusion alone, assuming that their concentration in the blood remains constant and that the permeability of the capillaries in the lesion is infinite. According to Bakay and Haque, 1 equilibrium of intravenously administered Na2,, K,2, ps2, and radioactive serum albumin between plasma and the cortical lesion is achieved practically instantaneously. *Linear distances of dye spread were measured as shown in Fig. 1 right. Areas were determined planimetrically. ~ • S :~ are given. Number of animals is given in parentheses.
tDifference between cold-induced edema and hexachlorophene group at p <0.001.
:~Difference between cold-induced edema and hexachlorophene group at p <0.01.
Results
Distances and Areas of Dye Spread
Cold Lesion in Normal Cats. Six hours after production of the lesion, at the time of sacrifice, the spreading of the two dyes showed a characteristic pattern of movement through the tissue. The green fluorescence of Na-fluorescein (zero to 6 hrs) was observed to extend through the widened white matter of the injured gyrus into three major directions ( Fig. 1 ): 1) toward the lateral ventricle and into the corpus callosum; 2) parietally toward the deep white matter of the centrum semiovale; and 3) laterally into the white matter of the adjacent gyrus. Whenever the "edema front," represented by the peripheral border of Na-fluorescein, had reached the lateral ventricle, its ependymal lining showed a light but distinct staining. The extension of the Evans blue indicator, injected 3 hours after the cold lesion, was considerably shorter, but showed a similar pattern of spreading. Comparing the linear distances between the spreading of the Na-fluorescein (6 hrs) and of Evans blue (3 hrs) reveals that the former indicator traveled 15.0 mm and the latter 10.7 mm. This means that the distance traveled by the indicator during the second half of the experiment was 71.3% of the total distance covered in 6 hours. On the other hand, when compared planimetrically, the areas of extension in the first and the second half of the experiment appeared approximately equal (Table 1 ). This may be explained by the funnel-shaped geometry of the white matter in the horizontal plane measured, with the 28 narrower opening of the funnel corresponding to the site of cortical lesion.
Cold Lesion in Hexachlorophene-Treated Cats. This group had the same relative separation of the dyes for the 3-and 6-hour distances and areas. However, the values for both the distances and areas were significantly less than the respective values (all p < 0.01) in the group which did not receive hexachlorophene (Table 1) .
Comparative Spread of C14-Sucrose and FLA
Our results clearly indicated that despite their highly different diffusion coefficients, the rate of migration of both indicators through the white matter, as well as the areas covered by each substance, were essentially identical ( Table 2 ). The peripheral borders of the tracers' extension were sharply demarcated from the normal tissue and coincided with each other in all experiments. Accounts of similar observations have been published previously? 7 F~c. 2. Graph shows theoretical diffusion profiles of albumin and sucrose in white matter after 3 and 6 hours. Cx = the concentration of the substance at point x in the tissue; Co = the concentration of the same substance at the surface of the lesion area, assuming the concentration is identical to that of the blood. The graph is plotted on complementary error function paper, so that the ratio Cx/Co is a linear function of the distance in millimeters from the surface of the lesion area, according to the equation Cx / x \ ~oo : e r f c~) 9
Estimation o f Theoretical Distances Traveled via Diffusion
The distances sucrose and albumin would be expected to travel in the white matter via diffusion, as calculated by Patlak, 22 are shown in Fig. 2 and Table 3 . Since Nafluorescein has a molecular weight (376) similar to sucrose (342), it would be expected to diffuse at a similar rate. It is apparent from Table 3 that the m a x i m u m distances calculated for diffusion of all the substances are markedly less than the measured distances from our experiments. The differences become even m o r e significant if we consider that within the limits and the sensitivity of the techniques used (fluorescence photography and radioautography) concentrations below 0.05% of the initial blood concentration certainly cannot be detected. If we assume that the concentration of the substances from the blood clear exponentially with a half-time of 3 to 4 hours, then the diffusion distances should be expected to be shorter.
Brain Tissue Water Content
Cold Lesion in Normal Cats. The distribution of water content in tissue blocks taken from both the injured and the opposite control hemisphere is shown in Fig. 3 . The marked elevation in cortical water content in the lesion area is presumably due to the necrosis and small hemorrhages in this area. As compared to the control hemisphere, the white matter underlying the injured cortex showed a significantly increased water content which gradually decreased in tissue Upper." Graph shows distribution of the brain tissue water content in the control (le) and the injured (ri) hemisphere. The solid lines correspond to animals with cold-induced edema and the dotted lines to animals treated with hexachlorophene before the cold lesion. Average water content of consecutive tissue blocks is plotted as a function of distance from cortical surface of the lesion to the midpoint of that block. Block 1 = cortex, Block 2 = arcuate white matter, Blocks 3-7 = deep white matter, as shown in Fi$. 1 left. Lower: Graph shows distribution of cold-induced edema in animals with cold injury and in animals treated with hexachlorophene prior to the cold lesion. Increase in water content is calculated as the difference between the respective tissue blocks of the experimental hemisphere and the control hemisphere. Statistical significant difference between both groups: one dot = p < 0.05; two dots = p < 0.01; three dots = p < 0.001. blocks taken progressively further from the lesion area (Fig. 3 upper) . For comparison, the position of the wicks is also given in this figure.
Cold Lesion in Hexachlorophene-Treated
Cats. The group of animals treated with hexachlorophene prior to the cold lesion showed a statistically significant increase in water content (+4.5%; p < 0.001) in the white matter of the control hemisphere, whereas the water content of the cortex of the control hemisphere was not affected (Fig. 3 upper) .
Morphologically, the brains of hexachlorophene-treated cats appeared grossly swollen. Neither Evans blue nor Na-fluorescein exudation could be observed in the control hemisphere despite the significant increase in water content; this is in agreement with Tables 1 and 2 , values of theoretical distances for diffusion are taken from Fig. 2 .
tCalculated distance assuming sensitivity is >0.0570.
previous reports classifying the hexachlorophene brain edema as cytotoxic in type. ls '14,1s In the injured hemisphere of hexachlorophene-treated cats the water content close to the lesion was within the range of that from the untreated, but then it showed a faster decrease with increasing distance from the cortical lesion. As Fig. 3 lower indicates, the amount of edema contributed by the cold injury per se in the hexachlorophene-treated cats was significantly less than in animals with cold lesion alone. Also, the spread of edema was significantly shorter in the hexachlorophene-treated cats, which is in line with the shorter dye distances.
Distribution of Interstitial Fluid Pressure
Cold Lesion in Normal Cats. Our findings fully confirmed previous studies that showed that the development of a cold-induced edema is associated with an increase in interstitial fluid pressure (IFP) in the edematous white matter. 27 In the present study, a more elaborate method was employed using four wicks simultaneously. The data on the IFP in the injured hemisphere in relationship to the distance from the cold lesion, as well as on the CSFP and the IFP of the control hemisphere, are illustrated in Fig. 4 . At 6 hrs after injury the highest pressures were found adjacent to the lesion; they gradually decreased with the distance from the lesion. The pressures in the more distant, non-edematous unstained areas were similar to those found in the opposite control hemisphere. At the end of the experiment the CSFP was slightly but significantly (p < 0.01) increased over the values recorded before the production of the lesion (4.4 + 0.4 mm Hg). This increased CSFP was higher than the IFP in the normal white matter, but significantly lower than the IFP in the edematous areas.
If the local IFP-CSFP differences are plotted against the tissue water content at the respective measurement sites, a close but nonlinear relationship is found (Fig. 5) . The curve shows that a small initial increase in water content is associated with a steep rise in the IFP to values above the CSFP. Thereafter, further increases in edema fluid are related to much lesser elevations of the IFP. Since the major part of this fluid accumulation has been shown to be extracellular, 9 Fig. 5 should represent the volume-pressure relationship of the brain ECS in vasogenic edema (measurements of IFP in hexachlorophenetreated animals will be reported separately). The average of mean arterial blood pressure 32 (MABP) values measured at 15-minute intervals throughout the experimental period was 129 + 5 mm Hg as compared to 114 + 5 mm Hg in the hexachlorophene group.
Discussion
In this study an attempt was made to elucidate the mechanism responsible for the spreading of edema fluid through the brain tissue in vasogenic brain edema. The two possible mechanisms by which such edema fluid, after escaping from damaged cerebral blood vessels, might continue spreading through the ECS are diffusion and bulk flow. 26,27
Bulk Flow vs Diffusion
In order to assess which of these two mechanisms is operative in vasogenic edema it was attempted, first of all, to compare the distances various substances actually migrated with the theoretical distances each substance would be expected to travel by diffusion. The theoretical distances were calculated from the respective diffusion coefficients for the various substances. It is apparent that the linear distances actually traveled by Evans blue, albumin, Nafluorescein, and sucrose were much greater than the theoretical distances calculated using their diffusion coefficients (Table 3 ). The conclusion that the measured distances of edema spread are not compatible with a diffusional process is in line with recent results of Cserr 7 who estimated that the time required for albumin to migrate by diffusion over a distance of 15 mm would be several days. Furthermore, there is evidence that some dissociation of the Evans blue-albumin complex occurs in edematous tissue, the free dye becoming bound to tissue components? , 6 Also, an uptake of iodinated serum albumin and fluorescein isothiocyanate-labeled albumin by glia has been demonstrated? a6 Since any uptake into the cells, binding, or transcapillary loss would reduce the migration distances, 2~ it seems even more unlikely that diffusion is primarily involved in the spread of edema.
The second means of differentiating between these two mechanisms was to examine whether substances with highly different diffusion coefficients, injected simultaneously at the time of the injury, travel at different rates, as expected for diffusion, or travel together with the advancing edema front, as expected for bulk flow. The finding that the two substances used, C x~-sucrose and FLA, traveled the same distance at the same rate is in line with similar observations of Klatzo, et al.? 7 and strongly supports the idea that bulk flow and not diffusion is primarily involved.
An important requirement for bulk flow to take place is the existence of a driving force in the form of pressure gradients. The present studies are in agreement with our previous results 27 showing the existence of hydrostatic pressure gradients during vasogenic edema, with the higher pressure in the area of the lesion and decreasing pressures along the edema pathway toward the normal tissue. This decreasing pressure gradient correlated closely with the similar progressive decline in water content in the same tissue and the direction of the migration of the extracellular markers.
As a final approach to confirmation that the movement of edema fluid and its constituents takes place as a hydrodynamic process, experiments were conducted in which the size of the ECS was decreased. Since the resistance to flow is a function of the width of the extracellular space, decreasing the size of the ECS should affect the amount of edema spread. In contrast, diffusion of substances through the brain tissue should not be affected by a change in the size of the ECS 22 and the linear distances traveled by the fluid should remain the same. Hexachlorophene was used in these experiments to create a form of cytotoxic brain edema, as indicated by a generalized increase in the white matter water content of about 4.5%. This swelling has been shown to occur intracellularly, ls'~*a8 causing a decrease in the size of the ECS while leaving the BBB intact to protein tracers. The cold-induced edema superimposed on the hexachlorophene edema was significantly diminished by about 30%, in both the amount of the water content and the extent of its spread. This diminution cannot be explained by the slightly lower MABP in the hexachlorophene group. Reduction in the spread of cold-induced edema of such a magnitude would require a reduction of the MABP to about 70 mm Hg. 2~ Therefore, it can be assumed that the movement of edema fluid in the hexachlorophene animals is significantly impeded by the reduced size of the ECS. All of the above evidence justifies the conclusion that during the development of vasogenic edema the major mechanism for the movement of fluid through the ECS of the white matter is bulk flow.
Tissue Pressure Gradient and PressureVolume Relationship
The results presented here have confirmed our previous work z7 showing the existence of a high IFP within the edema territory as compared to the pressure in the CSF and normal brain tissue. We can assume that the increase in local IFP and the development of pressure gradients through the tissue is the result of two opposing forces. The first one is the propelling force of the hydrostatic pressure of blood circulation, the effect of which has been clearly demonstrated by showing that the amount of leakage of fluid from the damaged vessels and the extent of edema can be greatly modified by changes in the systemic blood pressure. 17a9 The movement of edema fluid propelled by this force encounters the opposing force, which is the resistance of the involved tissue. This resistance to flow is due to factors such as the small diameter of extracellular channels (around 200 A), presumably filled with ground substance, TM and the intermingled structure of the brain parenchyma. Recent findings of Shulman, et al.,a' support this concept.
It seems that the rising IFP initiates the dilatation of the ECS, as can be surmised from the pressure-volume curve in which the changes in volume reflect those in water content of the ECS, as the edema fluid is located primarily extracellularly. 9 Similar pressurevolume curves have also been described during the development of edema in subcutaneous tissue, ix Furthermore, the curve in Fig. 5 indicates that a relatively large increase in IFP is required to cause the ECS to dilate, that is, to overcome the opposing "structural forces" of tissue resistance and to separate the intermingled cell processes. This initial steep rise in pressure needed to start the ECS enlargement may be considered as a "safety factor ''H that protects the brain tissue against edema in minor injuries of the BBB. However, once the IFP rises above the "structural forces" of tissue resistance, the volume increase per change in pressure (compliance) occurs slowly at first and then very rapidly. In the high-compliance region of the curve, where small increases in pressure allow a large volume of fluid to enter the ECS, the "structural forces" must be small in comparison to the IFP. The resistance to flow, which seems to be very high in normal tissue, TM should be greatly reduced and fluid mobility increased when the extracellular channels are enlarged by edema, as has been observed in edematous subcutaneous tissue? 2 This is supported by the observation that the linear distance traveled by Evans blue, the indicator administered 3 hours after the injury when the tissue already was edematous, was 71.3% of the total distance covered in 6 hours. Otherwise, the "structural forces" of tissue resistance can explain the preferential spreading of edema fluid through the white matter. It is likely that the thick jungle of intermingled cellular elements of the gray matter offers more resistance to enlargement of the ECS than the rather orderly arranged nerve fibers in the white matter.
It can be suggested that besides reabsorption into blood and phagocytosis, one of the major mechanisms for the removal of edema fluid is the movement of the fluid into the CSF by way of the ventricular ependyma and perhaps to a smaller extent through the cortex and pial lining. Whenever the edema front had reached the ventricle, the surface of the ventricular wall and the CSF were stained by the dye. Recent experiments using a ventriculocisternal perfusion in cold-induced edema showed that intravenously injected serum albumin, which does not cross the intact BBB, appeared in the CSF when the edema front had arrived at the ventricle? 9 If the clearance of edema fluid into the CSF is related to the hydrostatic pressure gradient between the IFP in the edematous tissue and the CSFP, then changes in the CSFP can directly affect the amount and velocity of this clearance. Thus, a decrease in the CSFP would enhance the clearance of edema fluid by increasing this pressure gradient, and a rise of the CSFP would probably have the opposite effect. The increased clearance of the edema fluid with a lowered CSFP would explain the therapeutic effect of drugs such as acetazolamide, spirolactone, and furosemide, which are known to significantly decrease the CSF production rate and the CSFP. TM Considering this effect of changing the pressure gradients one step further, the therapy of brain edema could consist of decreasing the formation of edema at the site of BBB injury and/or increasing the clearance of the edema fluid at the tissue-ventricular CSF interface.
